INTRODUCTION 1
Primary pneumonic plague is rarely acquired under natural conditions (5, 9, 21) but the 2 virulence and ease of aerosolization makes Yersinia pestis (Y. pestis) a potential aerosolized 3 bioweapon (13) . The FDA 'animal rule' allows the use of large animal models to substitute for 4 human testing if the model mimics human disease and is well characterized (11). Adequate 5 characterization should include cause of death, phases of disease progression, and definition of 6 secondary endpoints of success in addition to the primary endpoint of reduction in mortality. 7
Primary pneumonic plague has been well-described in the murine model following 8 intranasal inoculation (3, 14, 20) . The murine model mimics the human infection with respect to 9 high mortality, focal consolidation in the lung and high level of bacteremia and dissemination to 10 liver and spleen. The murine infection is described as a two-phase disease with an initial anti-11 inflammatory phase lasting 36 to 48 h after intranasal inoculation, followed by a rapidly 12 progressing pro-inflammatory phase until death occurs at 4 days post-infection (3, 14) . 13 Non-human primates are susceptible to aerosolized Y. pestis which produces a rapidly fatal 14 disease similar to that seen in humans with primary pneumonic plague. Different species of 15 NHP may display variable susceptibility and disease progression after exposure to Y. pestis 16 aerosol (7, 10, 16), and a workshop has recommended a thorough characterization of the disease 17 in multiple species (11). Following the initial report of the effective dose 50% (ED 50 with Luminex bead assays using human antibody reagents (Biosource, Inc.) previously validated 13 for specificity and sensitivity for macaque serum proteins. Serum was analyzed from each 14 macaque prior to exposure, at necropsy, and at 48 h pi in 3 macaques planned to be necropsied at 15 96 h pi; one of these 3 also had a bronchoalveolar lavage specimen at 48 h pi suitable for 16 analysis. From each of the 12 necropsies, two lung samples weighing approximately 200-300 17 µg wet weight were homogenized in PBS and frozen at -80°C until analysis. A total of 14 18 proteins including 9 cytokines and 5 chemokines were analyzed on each of 52 specimens from 19 the 12 animals, for a total analysis producing 728 results. The chemokines measured included 20 RANTES, MIP-1α, MIP-1β, MCP-1, and IL-8. The cytokines measured included IL-1β, IL-2, 21 IL-4, IL-6, IL-10, IL-12p40, IFN-γ, GM-CSF, and TNFα. The assay for IL-1β and IL-6 has been 22 validated (12) and the remainder of the assays were validated by the manufacturer. 23
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Necropsy. When moribund euthanasia criteria were met or for timed necropsies, the animal 1 was given 10 mg ketamine/kg of body weight intramuscularly and 2% isoflurane by mask until 2 deep anesthesia, followed by exsanguinations through cardiac puncture, or in some cases by 3 intravenous euthasol (pentobarbital sodium [86.7 mg/kg] plus phentoin [11.1 mg/kg]). Necropsy 4 was immediately performed upon euthanasia, and tissues collected and weighed for bacteriologic 5 and cytokine assays. Lung lobes were gently inflated with neutral buffered formalin to 6 approximate normal volume prior to immersion fixation. Lung was designated as "lung-lesion" 7 sample when collected from a discolored region that was also firm, in order to avoid areas of 8 discoloration due to euthanasia artifacts. Lung was designated as "lung-nonlesion" sample when 9
collected from an area that appeared normal without discoloration or firmness. Samples of lung 10 for histopathology were taken immediately adjacent to areas sampled for bacteriology and 11 cytokine analysis to permit parallel analyses. Lungs from animals necropsied at 24 h and 48 h 12 after aerosol exposure had no apparent lesions and the two samples taken from each lung for 13 parallel analyses were taken randomly from the caudal lobes. Tissue sections of lung, liver, 14 spleen tracheobronchial lymph nodes and brain were processed routinely and paraffin embedded, 15 sectioned at 4-6 µm thick, mounted on standard glass slides, and stained with hematoxylin and 16 eosin for light micoscopic examination. Lesions were graded subjectively by a single pathologist 17 on a scale of 1-4 (1 = minimal, 2 = mild, 3 = moderate, 4 = marked). pestis at presented doses of 141 ± 32 ED 50 (group mean ± standard deviation). Animals were 3 scheduled to be euthanized and necropsied 24, 48, 72, and 96 h pe; the latter group animals were 4 actually moribund and necropsied at 70 h, 92 h and 94 h pe, respectively. 5
Bacterial quantitation. Small numbers of Y. pestis were cultured in only two of 6 lung 6 samples at 24 h pe, while all blood, lymph node, liver and spleen cultures were negative at 24 h 7 pe ( Fig. 1) . These low-level positive lung cultures may represent residual bacteria from the 8 inhalation exposure, or may be small foci of persistent bacteria later expanding to pneumonic 9 regions. All cultures were negative at 48 h pe. Bacteremia was detected in one of three 10 macaques scheduled to be necropsied at 72 h pe, and was also detected in the three animals 11 which were moribund at 70 h, 92h and 94 h pe. In contrast lung and tracheobronchial lymph 12 node had substantial bacterial loads at 70 -72 h pe with higher numbers of Y. pestis in visibly 13 consolidated lesions compared to normal-appearing lung tissue, a difference that was no longer 14 evident by 96 h pe. 15
The lower limit of detection when plating 100 µL of blood is 200 CFU/mL blood. To detect 16 lower levels of bacteremia we used a real-time PCR molecular beacon probes specific for 17 Disease progression and telemetered physiology. Telemetered data displayed as hour-7 averages for heart rate, respiratory rate and temperature superimposed on the pre-exposure 8 diurnal variation is shown ( Fig. 3) for two macaques observed until moribund status 96 h after 9 aerosol exposure, and for all 6 macaques surviving until at least 70 h pe (Supplement Figure  10   S1 ). Onset of abnormal body temperature defined by statistically significant departure from 11 baseline diurnal value was seen at 60 h pe (Fig. 3) for both animals although temperature did not 12 exceed 39°C until 68 h and 75 h pe, respectively. Among the 4 animals necropsied 70-72 h pe, 13 three had initial temperature elevations at 55 -60 h pe, although none had a temperature persist 14 above 39°C. All 6 animals had tachypnea and 5 of 6 had tachycardia above baseline, including 15 the animal that did not show temperature elevation. Onset of tachycardia and tachypnea 16 appeared to coincide with the onset of fever as defined by departure from baseline, but markedly 17 elevated heart and breathing rates were not seen until after 72 h pe. By 72 h pe most animals 18 showed markedly depressed activity, withdrawn and immobile at the back of their cage in a 19 hunched posture. As they became moribund, these animals were hypothermic, had decreasing 20 respiratory rate and pulse, and were no longer able to balance on their perches. 21
Cytokine and chemokine response. Cytokines and chemokines were not elevated or not 22 detectable in serum or lung tissue at 24 h and 48 h pe (Fig. 4) (Fig. 6A) , but no bacilli were seen. Occasional chronic inflammation was seen 21 in the lung of some animals (table in Fig. 6E) (Figure 6 B-E) . By 72 h pe distinct focal lesions were consistent with and confirmed 2 histologically by fibrinosuppurative pneumonia and alveolar edema (Fig. 6B) . In contrast the 3 lung-nonlesion areas typically displayed multifocal, mild septal and/or alveolar infiltration with 4 neutrophils and mononuclear cells (Fig. 6C) . By 96 h pe, however, choice of a "non-lesion" 5 sample often became difficult and those samples often demonstrated similar though less 6 extensive pneumonia histologically ( Fig. 6D and table in Fig. 6E ). Culture also demonstrated 7 wide distribution of bacteria by 96 h pe, likely due to the bacteremia distributing infection 8 throughout all lung areas. 9
The areas of mixed alveolar inflammation/pneumonia were composed primarily of septal 10 and alveolar neutrophils and macrophages. Areas of necrosis were present within severe foci of 11 pneumonia, and extension to surrounding compartments (airways, vasculature) were present. 12
The areas of pneumonia in these animals were typically deep within pulmonary parenchyma and 13 not often associated with airways as is common with many classic, naturally acquired inhalation 14 pneumonias (i.e., bronchopneumonia). This may be a result of secondary hematogenous spread 15 to/within the lungs after initial phagocytosis by macrophages combined with the initial insult 16 often occurring deep within the lung due to the well dispersed aerosol administered. Areas of 17 alveolar edema were evidenced by eosinophilic background staining within alveolar airspaces. The primary findings of this natural history study indicate that severe primary pneumonic 5 plague is characterized by two phases, an anti-inflammatory phase and a pro-inflammatory phase 6 similar to those described in inbred and outbred mouse strains (3, 14) . In mice the early phase, 7 characterized by low concentrations of non-viable bacteria within lung macrophages and a lack 8 of a pulmonary cytokine and chemokine response, was followed by an explosive growth of Y. for cynomolgus macaques (21), an animal exposed to as few as 35 Y. pestis survived while 7 another animal exposed to 270 bacilli died. In this study one macaque (#13436) with elevated 8 serum IL-10 pre-exposure had exhibited mild clinical disease, no elevated temperature, Y. pestis 9 detected in the blood only by qPCR, and low levels of lung tissue cytokines at timed necropsy 72 10 h pe. These observations suggest that among cynomolgus macaques there are individual 11 variations in critical innate lung defenses which may modulate survival. 12
An important milestone in the progression of disease is the onset of bacteremia. One animal 13 had a negative blood culture at 72 h pe in spite of fever onset at 60 h pe. The sensitivity of 14 detecting bacteremia is limited by the low plate-inoculum volume of 100 µL corresponding to a 15 LLOD of 200 CFU per mL of blood. The highly sensitive Yersinia rRNA-specific quantitative 16 real-time PCR (Fig. 2A) detected rRNA in all blood and tissue at 72 h pe. Even qPCR is limited 17 by the sample isolation procedure, since the 48 h macaque blood GAPDH Ct values were at least 18 3 times less than the other time points, indicating at least 10 times less DNA in the samples. 19
Although our sample size is small, the qPCR assay detecting rRNA may be preferred when onset 20 of bacteremia must be detected with sensitivity. 21
Fever is the first evidence of systemic disease and is an important milestone useful for 22 initiating post-exposure treatment. In the six macaques observed beyond 48 h pe, the onset of 23 on October 17, 2017 by guest http://iai.asm.org/ Downloaded from significant temperature elevation occurred consistently between 55 h and 60 h pe. The onset of 1 fever may have preceded the onset of bacteremia, as bacteremia was detected only by qPCR and 2 not culture in two of three febrile macaques at 72 h pe. Several macaques did not develop a body 3 temperature over 39°C in the current study. Measurements of body temperature by rectal 4 thermometer used in a previous study (21) are subject to bias introduced by anesthesia and are 5 often at variance with simultaneous measurements by implanted chips (19). Intermittent 6 measurement may miss the onset of fever, delaying the onset of treatment. Here, continuous 7 telemetry identified the onset of fever as an abrupt departure from the normal diurnal pattern 8 (Fig. 3) and an absolute temperature of greater than 39°C was not always documented. 9
Heart rate and respiratory rate appeared to increase above their diurnal rhythm limits at the 10 same time as temperature (Fig. 3) , but such increases were often not apparent when inspecting 11 the data in real-time due to minute-to-minute variations. Estimation of respiratory rate by 12 observation alone is difficult in nonhuman primates. Although a recent study found no 13 respiratory distress (21), we observed respiratory distress with labored breathing in most animals 14 after 60 h pe, and tachypnea was confirmed by telemetry in all animals. These observations 15 agree with previous reports of respiratory distress (1, 10) . Tachypnea in our animals were signs 16 of successful compensation for modest hypoxemia, as in other studies we have found no 17 evidence of respiratory acidosis and failure (Layton and Koster, unpublished observations). 
